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1.) The tools:
• Phase-stabilized few-opt.-cycle laser pulses

• Single as pulses: High-order Harmonic Generation

2.) Attosecond pulse measurement
• Photoelectron spectra

• Attosecond streak camera

3.) Application: Spectroscopy
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1878: E. Muybridge, Stanford

E. Muybridge,  Animals in Motion, ed. by L. S. Brown (Dover Publ. Co., New York 1957)

Tracing motion of animals 
by spark photography



Tracing motion of humans 
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The Tools: Ultrashort Laser Pulses

T0 = 2π/ωL ≈ 2.5 fs @ λL = 750 nm
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T0 /4 ≈ 625 as (@ λ0 ≈ 0.75 µm)T0 = λ0/c ≈ 2.5 fs

Few-Cycle Laser PulsesControl of the Waveform

Requires measurement & control of _

Sine waveform
_ = π/2

Cosine waveform
_ = 0E(t) = Ea(t)cos(_Lt + _)



Ti:Sapphire Oscillator

sub-10 fs pulse duration
4.6 nJ energy
82 MHz repetition rate

CPA Amplifier

20 fs pulse duration
0.9 mJ energy
1 kHz repetition rate

Hollow Fiber/
Chirped Mirror
Pulse Compressor

5 fs pulse duration
300 µJ energy

Experiment

The Laser System





Intense few-cycle laser pulses with stabilized _ 
 

                                                                                                     Vienna-Munich, 2003:  Baltuska et al, Nature 421, 611 (2003) 

     Mode-locked lasers produce pulses with varying  _

                                    _n+1 = _n + __
                                                         

                                                                                 First measurement of __, Vienna, 1996:  Xu et al, Opt. Lett. 21, 2008 (1996) 

Intense Few-Cycle Laser Pulses



Pulse train from a mode-locked laser



Frequency-Domain Control of Δϕ

Beating of the fundamental

                            and SH

                    for k=2m:

frequency
doubling

km

f
c e o

2m

Beat signal yields temporal evolution of ϕn 
First implementation: D. Jones et al., Science 288, 635 (2000); A. Apolonski et al., PRL 85, 740 (2000)

T. W. Hänsch et al., 1997, 1999; U. Keller et al., 1999 



Phase-Controlled Few-Cycle Pulses
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pulses
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1-kHz
5-fs

phase-
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Few-Cycle Light with Controlled _:
 Light Waveform Control

Baltuska et al., Nature 421, 611 (2003)  
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Phase Calibration Using ATI
ATI (Above-Threshold Ionization) Photoelectron Spectroscopy 

focused 
laser beam

atomic gas

vacuum chamber

MCP „left“

MCP „right“

detect asymmetry

Apparatus
“Stereo ATI spectrometer” Paulus et al. Nature, 414 182 (2001)

Gas: Xe, Laser peak intensity: 8.1013 W/cm2



Phase Calibration Using ATI

Photoelectron spectra
Paulus et al., PRL (2003)
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P.B. Corkum PRL 71, 1994 (1993)
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Recombination Emission from Strongly-
Driven Atoms

21 51 81 111

25 nm 12.5 nm 7.5 nm

1

0.1

Multi-cycle driver pulse : τp » To

High-order odd harmonics of the driver laser

L’Huillier, Balcou, 1993, PRL 70, 774

Macklin et al, 1993, PRL 70, 766

Paul et al, Science 292, 1689 (2001)
Tsakiris, Charalambidis et al, 2003

Cut-off harmonics: train of attosecond bursts
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High Harmonic Generation

 J. Macklin et al., PRL 70, 766 (1993)
A. L’Huillier, P. Balcou, PRL 70, 774 (1993)

P. Antoine et al., PRL 77, 1234 (1996)
K. Schäfer, K. Kulander, PRL 78, 638 (1997)
I. Christov et al., PRL 78, 1251 (1997)
N. Papadogiannis et al., PRL 83, 4289 (1999)

P. M. Paul et al., Science 292, 1689 (2001)

ΔT = π/ωL ≈ 1.35 fs @ λL = 800 nm

Harmonic Order

Multi-100-THz trains of 
sub-fs XUV/X-ray pulses



 

 τp = 5 fs, To = 2.5 fs

Recombination Emission from Strongly-
Driven Atoms

Few - cycle driver : τp < 3To

No genuine harmonics of the laser radiation

Cosine waveform with τp ~ 2To (5 fs @ 750 nm)
offers the potential for single sub-femtosecond
X-ray pulse generation

_=0
_=π/2

80



Recombination emission of a cosine pulse

Recombination emission:
soft-X-ray photon emission upon the

                electron recombining into its ground state

__x

Ionization
threshold

Cosine waveform

Emission of
highest-energy 
photon



Recombination emission of a sine pulse

Recombination emission:
soft-X-ray photon emission upon the

                electron recombining into its ground state

__x

Ionization
threshold

Sine waveform

Emission of
highest-energy 
photons
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XUV Harmonics from Neon
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Sampling a Pulse with Itself: Autocorrelation

Beam
splitter

Delay
line

Detector

PumpProbe

Interaction
medium

Electrons,
Photons

Frustrated by low two-photon transition probability at X-ray photon
energies



Measuring a Sub-Femtosecond X-Ray Pulse
with Laser Light?

Beam
splitter

Delay
line

Detector

X-ray
pulse

Visible light
wave Interaction

medium

Electrons,
Photons

 Sampling must be performed by the laser field rather than the pulse envelope

Hentschel et al., Nature 414, 509 (2001)



The Measurement: Experimental Setup

Pump laser pulse
Duration ≈ 6 fs
Energy ≈ 0.3 mJ
Rep. rate = 1 kHz

Iris

Zr-filter
on pellicle

TOF

Ne

PZT

Two-component 
Mo/Si multilayer mirror
Reflectivity > 60% @ 90 eV
Bandwidth ≈ 9 eV

Ne

Ionisation
detector

Ag-mirror

M. Drescher et al., Science 291, 1923 (2001)



Schematic of the Experiment

Time

High-harmonic
generation

Bandpass
filter

Delay&
focusing

Targetfor
cross-correlation

t
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Visible
lightfield

SoftX-ray
intensity



multilayer
mirror

Zr-filter

grating: 10 000 lines

XUV CCD-camera

Setup for measuring ‚online‘ spectra

Pump laser pulse
Duration ≈ 6 fs
Energy ≈ 0.3 mJ
Rep. rate = 1 kHz

TOF

Ionisation
detector







Ex

aperture and
electronic lens

microsphere-
plate detector

VIS / XUV X-Correlation:
Principle of Excitation and Detection

Ne

2s

El

Time-of-flight
tube

U. Becker and D.A. Shirley,
VUV and Soft X-ray Photoionization, p. 152

parallel geometry!!

2p



Ionization with an Isolated Attosecond Pulse

Mo-Si multilayer mirror

Time-of-flight
spectrometer

Nozzle

Ne

( )∫
∞

′′=
rt

L tdtEept()rΔ

pi

Δp

pf

Gas: Ne
Electrons: 2p
Wb= 21.46 eV

XUV cut-off energy: ~95 eV
Mirror reflectivity bandwidth: ~9 eV (FWHM)

Detection as in:
Kienberger et al., Science 297, 1144 (2002)

delay possible



Photoelectron Acceleration/Deceleration
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Electron
energy
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‚Short‘ XUV Pulse
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‚Long‘ XUV Pulse



EL(t)=Ea(t) cos(ωLt + ϕ)

τx

ϕ = πϕ = 0

T0

ΔW

-ΔW

τx / T0

Ea(t)
Ix(t)

hνx

0.1 0.3 1

calculations



EL(t) = A(t)cos(ωLt + ϕ)

T0

ΔW

hνx

Cross-check: Attosecond Diagnostics

measurement
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Advanced as Pulse Measurement
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Kienberger et al., Nature 427, 817 (2004)
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Streak Records of Sub-Femtosecond XUV Pulses

Satellite

NO satellite
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Incident X-ray
intensity

Mapping Time to Energy

__x

instant of
electron
release
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Optical Streak Camera, 1834



Electron Streak Camera



Incident X-ray
intensity

Optical-Field-Driven Streak Camera 

__x

with Attosecond Resolution

instant of
electron
release

Change in 
electron 
energy

-500 as 0 500 as

Laser electric field

300 as300 as
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Atomic Transient Recorder Concept

Fourier transform limited pulse (el. bunch) Linearly chirped case





Atomic Transient Recorder:
tomographic images of electron distribution

Reconstructs the time-momentum
distribution of atomic electron
emission confined to T0/2 from
“tomographic images“ recorded
by a strong, phase-controlled
light field

Resolves the time evolution of
atomic excitation and relaxation
processes on an attosecond
time scale by probing
primary (photo) or secondary (Auger)
electron emission,
respectively.



Full Characterization of a Sub-Femtosecond
XUV Pulse

“Streak images“ of photoelectrons
emitted at adjacent field oscillation
maxima of the probing field EL(t)

Reconstructed temporal intensity profile and
chirp of the XUV excitation pulse
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Kienberger et al., Nature 427, 817 (2004)



Resolution of measurement
Δt

ΔW

Energy Domain

Time Domain

ΔEΔt=_

Time - energy uncertainty principle
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ΔW= 20 eV

T=2 fs



Sampling Field Oscillations
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Sub-Femtosecond X-Ray Pulse Resolves
Field Oscillations of Visible Light
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Expanding the time window

Difference Frequency Generation

0.5 fs

10 - 50 fs

Time window
generally applicable

e.g. XFEL
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3. Application: From Attosecond Diagnostics
to Attosecond Spectroscopy

W1

W2

Wh

Wbind

Wkin
dN
dW

0

Photo-emission  τx - duration of X-ray pulse

Auger-emission  τh - lifetime of core hole

Sidebands versus _t

_t

Streak images



Sampling Auger Electron Emission in Parallel
Detection Geometry: Simulations

τh < To/2

Sampling by laser field

Resolution: To/20 ≈ 100 as

Pump X-ray pulse, τX = 0.5 fs
Probe laser,  T0 = 2.5 fs, τL = 5 fs

τh > To/2

Sampling by pulse envelope

Resolution: τL/5 ≈ 1 fs

hνlaser



Snapshots of Electron Emission from Kr Following
Core-Hole Excitation by a Sub-fs X-Ray Pulse

M. Drescher et al., Nature 419, 803 (2002)

Tracing core-hole decay directly in time
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Time-dependent sideband-area

Drescher et al., Nature 419, 803 (2002)

Laser-EUV Delay (fs)
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Future prospect: even faster processes

1

2

3

Coster-Kronig Decay in Be

1s

2s

Γ = 1,6 eV
(400 as)

M.O. Krause et al., PRL 59, 2736 (1987)



  From Femtochemistry
                        towards Attophysics

Time1 fs

1 Å

Space

Molecules

Femtochemistry: controlling & tracing 
       atomic motion on the length scale
                                 of chemical bonds

Attophysics: controlling & tracing 
     electronic motion on a sub-atomic scale

Atoms
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Laser assisted X-ray photoionization

time

EL(t)

Wkin
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Subfemtosecond XUV Pulse Resolves
Light Field Oscillations

Delay, td (fs)
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Hentschel et al.,
Nature 414, 509 (2001).



Delay, td (fs)
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Attosecond Metrology: Direct Measurement
of Dynamic Frequency Shifts of Light

trise < 1 fs � isolated sampling x-ray pulse
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